The lowermost part of the Earth's mantle-known as D0-shows significant seismic anisotropy, the variation of seismic wave speed with direction [1] [2] [3] [4] [5] . This is probably due to deformation-induced alignment of MgSiO 3 -post-perovskite (ppv), which is believed to be the main mineral phase present in the region. If this is the case, then previous measurements of D0 anisotropy, which are generally made in one direction only, are insufficient to distinguish candidate mechanisms of slip in ppv because the mineral is orthorhombic. Here we measure anisotropy in D0 beneath North and Central America, where material from subducting oceanic slabs impinges 6 on the core-mantle boundary, using shallow as well as deep earthquakes to increase the azimuthal coverage in D0. We make more than 700 individual measurements of shear wave splitting in D0 in three regions from two different azimuths in each case. We show that the previously assumed 2,3,7 case of vertical transverse isotropy (where wave speed shows no azimuthal variation) is not possible, and that more complicated mechanisms must be involved. We test the fit of different MgSiO 3 -ppv deformation mechanisms to our results and find that shear on (001) is most consistent with observations and the expected shear above the core-mantle boundary beneath subduction zones. With new models of mantle flow, or improved experimental determination of the dominant ppv slip systems, this method will allow us to map deformation at the core-mantle boundary and link processes in D0, such as plume initiation, to the rest of the mantle.
. This is probably due to deformation-induced alignment of MgSiO 3 -post-perovskite (ppv), which is believed to be the main mineral phase present in the region. If this is the case, then previous measurements of D0 anisotropy, which are generally made in one direction only, are insufficient to distinguish candidate mechanisms of slip in ppv because the mineral is orthorhombic. Here we measure anisotropy in D0 beneath North and Central America, where material from subducting oceanic slabs impinges 6 on the core-mantle boundary, using shallow as well as deep earthquakes to increase the azimuthal coverage in D0. We make more than 700 individual measurements of shear wave splitting in D0 in three regions from two different azimuths in each case. We show that the previously assumed 2, 3, 7 case of vertical transverse isotropy (where wave speed shows no azimuthal variation) is not possible, and that more complicated mechanisms must be involved. We test the fit of different MgSiO 3 -ppv deformation mechanisms to our results and find that shear on (001) is most consistent with observations and the expected shear above the core-mantle boundary beneath subduction zones. With new models of mantle flow, or improved experimental determination of the dominant ppv slip systems, this method will allow us to map deformation at the core-mantle boundary and link processes in D0, such as plume initiation, to the rest of the mantle.
Studies of D0 anisotropy in the Caribbean are numerous [2] [3] [4] [7] [8] [9] because of an abundance of deep earthquakes in South America and seismometers in North America, and show approximately 1% shear wave anisotropy. These studies mostly compare the horizontally polarized (SH) and vertically polarized (SV) shear waves, assuming vertical transverse isotropy, a kind of anisotropy in which the shear wave velocity V S varies only with the angle away from the vertical. With this assumption, SH leads SV here, corresponding to Q9 5 190u in our notation (Fig. 1c) . A further limitation is their use of only one azimuth of rays in D0: this cannot distinguish vertical transverse isotropy from the case of an arbitrarily tilted axis of rotational symmetry in which wave speed does not vary when the axis dips towards the receivers or stations (tilted transverse isotropy). An improvement on this situation can be made by using crossing ray paths in D0 (ref. 10) , but this relies on having the correct source-receiver geometry, which is not possible beneath North America using only deep earthquakes. We address this issue beneath the Caribbean by incorporating measurements from shallow earthquakes in our data set, and thus reduce the symmetry of the anisotropy which must be assumed. with ray paths for the S, ScS and SKS phases. The stippled upper mantle and grey D0 are anisotropic. S turns above D0; ScS samples it. b, Shown are seismic stations (triangles), earthquake epicentres (yellow circles), ray paths (thin black lines) and ray paths in a 250-km-thick D0 (blue lines). The measured sourceside shear-wave splitting parameters for shallow earthquakes are shown as black bars beneath circles (bar length corresponds to delay time, orientation represents fast direction, largest delay time is 2.4 s). We note that fast orientations of shear-wave splitting in the upper mantle beneath shallow earthquakes on plate boundaries are either generally very closely parallel to the plate-spreading direction (the East Pacific Rise and the Mid-Atlantic Ridge), or to the subduction zone trench (Central America). c, Relationship of the measured fast directions in the geographic (Q) and ray (Q9) reference frames. Because the ScS phase is nearly horizontal for most of its travel through D0, we define Q9 5 backazimuth 2 Q, which corresponds to the polarization away from the vertical of the fast shear wave. In terms of transverse anisotropy, Q9 5 690u is compatible with vertical transverse isotropy, and -90u , Q9 , 90u implies tilted transverse isotropy. This can also be thought of as the plane normal to the rotational symmetry axis being tilted from the horizontal, or dipping, at (90 2 Q9)u.
We measure anisotropy in D0 using differential splitting in S and ScS (respectively direct and reflected from the core-mantle boundary) phases using an approach described by refs 10 and 11. Both phases travel through the same region of the upper mantle, but only ScS samples D0 (Fig. 1a) . Given that the majority of the lower mantle is relatively isotropic 12 , by removing the splitting introduced in the upper mantle we can measure the splitting that occurs only in D0 (see Supplementary Information). Earthquakes in South and Central America, Hawaii, the East Pacific Rise and the Mid-Atlantic Ridge, detected at North American stations, provide a dense coverage of crossing rays that traverse D0 beneath southern North America and the Caribbean (Fig. 1b) . Three distinct regions are covered (Fig. 2) , each sampled along two distinct azimuths. The Caribbean (region 'S') has previously been well studied 1, 4, 8 , but the northeast ('E') and southwest ('W') USA have not.
Stacked results along each azimuth in the three regions give splitting parameters shown in Fig. 2 and listed in Supplementary Table 3 . We discuss results in terms of the delay time (dt) and ray frame fast orientation (Q9; Fig. 1c) . The primary observation is that D0 everywhere shows anisotropy of between 0.8% and 1.5% (assuming a uniform 250-kmthick D0 layer). Along south-north (region 'S') and southeast-northwest (region 'E') ray paths, from deep South American events (approximately 200 measurements), dt 5 (1.45 6 0.55) s, implying shear wave anisotropy of about 0.8%. Fast orientations are approximately parallel to the core-mantle boundary (Q9 < 90u). This agrees with previous studies made along similar azimuths 4, [7] [8] [9] , including the presence of some small variation in Q9 of up to 615u (refs 4 and 8). Such variations could be approximated as vertical transverse isotropy over the region. Detailed results are shown in Supplementary Figs 1 and 11 . Notably, however, oblique to the approximately south-north raypaths in the Caribbean, fast directions are at least 40u away from parallel to the core-mantle boundary (region 'S': dt 5 1.68 s, Q9 < 242u; region 'E': dt 5 1.28 s, Q9 < 45u). In region 'W', both azimuths show Q9 about 10u-15u from the horizontal in D0, with dt < 1.2 s. Hence, nowhere are our measurements compatible with vertical transverse isotropy, because we do not find Q9 5 690u within error in both directions for any region.
A likely mechanism for the production of anisotropy in D0 is the lattice-preferred orientation (LPO) of anisotropic mineral phases present above the core-mantle boundary such as (Mg,Fe)O, MgSiO 3 -perovskite and MgSiO 3 -ppv. These may give rise to kinds of anisotropy more complicated than tilted transverse isotropy with lower symmetries, which are compatible with our two-azimuth measurements. We investigate the possibility of LPO in ppv leading to the observed anisotropy rather than other phases because of its probable abundance in seismically fast regions of the lowermost mantle beneath North America and its relatively large anisotropy. (Mg,Fe)O and perovskite seem poor candidates for D0 anisotropy because (Mg,Fe)O is equally abundant in the lower mantle above D0, which appears to be relatively isotropic 12 , and perovskite is the dominant phase there. Although (Mg,Fe)O may be strongly anisotropic and mechanically weaker than ppv [13] [14] [15] , and therefore might take up more deformation and align more fully, ppv is also highly anisotropic and is the most abundant phase, meaning a lower degree of alignment of ppv can produce just as much anisotropy as more alignment of (Mg,Fe)O. Therefore LPO in ppv is our preferred mineralogical mechanism. 22 has also suggested that the [100](001) system may be plausible, which is appealing because it appears to best-match the first-order anisotropic signature of the lowermost mantle [23] [24] [25] [26] . Our results can differentiate between these candidate mechanisms if we assume that most of the measured anisotropy in D0 is a result of deformation-induced LPO in ppv, and we have an accurate estimate of the mantle flow where we measure anisotropy. At present, such models of mantle deformation are in their infancy, but we can nonetheless make inferences from broad-scale trends in subduction and global V S models. We calculate the orientations of the shear planes and slip directions that are compatible with our measurements for the three slip systems in ppv. Aggregate elastic constants for the [ 110](110) and [001](010) systems are taken from deformation experiments 17, 20 ; we use single-crystal elastic constants from first-principles calculations 23, 25 for the [100](001) system. These planes and directions are plotted in Fig. 3 . We also produce the shear planes predicted for cases of perovskite and MgO ( Supplementary Fig. 11 ).
At present, there is some disagreement in detail between different ab initio elastic constants for ppv 23, 27 . We use those of ref. 23 for consistency with experimental studies. Another source of uncertainty may be the extrapolation of results of deformation experiments 16, 17, 20, 22 to lowermost mantle conditions.
To guide our interpretation of the results, we can appeal to the broadly analogous situation of finite strain and olivine LPO associated with passive upwelling beneath a mid-ocean ridge. Models indicate that, near the centre of the upwelling, directions of maximum finite extension dip away from the centre, and become more horizontal with distance from the ridge 28 . Corresponding features beneath downwellings are found in convection models of the lower mantle-inclined deformation dipping towards the downwelling centre 29 . Regions 'E' and 'S' are either side of the apparent centre of the downwelling Farallon slab 6, 30 (Figs 2, 3) , which strikes roughly northwest-southeast, so we postulate northeast-southwest slip directions on inclined shear planes with an opposite sense of dip (that is, dipping southwest for region 'E', northeast for region 'S'). Further away from the downwelling, in region 'W', more horizontal flow is expected and hence a horizontal shear plane with northeast-southwest slip directions.
All three considered slip systems have orientations that can explain the data, but the predictions of the [100](001) slip system (Fig. 3) bestmatch the above criteria. The [ 110](110) system is arguably the least plausible, because it requires complex flow further from the downwelling (region 'W') where a simpler horizontal flow pattern is expected.
We cannot yet completely rule out the [100](010) system; more Shown are individual D0 ray paths of ScS phases used in stacks (thin grey lines); representative mean ray paths in D0 of stacked measurements (thick black lines, arrows indicate direction of travel); plots of splitting parameters for each stack at the start of the path (white circles with black bars, angle indicates Q9, length indicates dt). The colour shading beneath is the variation of V S at 2,750 km depth (about 150 km above the core-mantle boundary) in the S20RTS model 30 compared to the Preliminary Reference Earth Model (PREM). The thick red line X-X9 is the cross-section shown in Fig. 3a . The shaded region shows the approximate strike of the Farallon plate predicted at 2,500 km (ref. 6 ). The three study regions ('W', 'S' and 'E') are indicated by circled areas. Supplementary  Fig. 2 shows the approximate finite-frequency zone of sensitivity for ScS in D0.
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rigorous flow modelling in the region is required to resolve this issue conclusively.
The slip systems predicted for perovskite and MgO ( Supplementary  Fig. 12 ) seem less likely, particularly where the measured splitting is high. The presence of perovskite versus ppv in D0 in region 'S', for instance, cannot account for the high anisotropy inferred, and shear planes and directions for MgO are mostly very steep.
D0 anisotropy might also arise from shape-preferred orientation of seismically distinct material over sub-wavelength scales. This would lead to tilted transverse isotropy behaviour 2 , with which our observations are compatible. In this case, we can interpret our results simply by finding the common plane, normal to the rotational symmetry axis, from the two azimuths and Q9. These planes are shown in Supplementary Fig. 2 .
In each region, the tilted transverse isotropy plane dips approximately in the same way as for the [100](010) case, that is, southwest, southeast and south in regions 'W', 'S' and 'E' respectively, by between 26-52u ( Supplementary Fig. 2 ). However, there is no constraint on the slip direction, and especially in regions 'S' and 'E', where the dip is about 50u, it is hard to correlate the transverse isotropy planes with a candidate plane of deformation based on V S , and models of deformation suggest that strain in such slab-parallel orientations is unlikely. For this reason and because the post-perovskite phase explains other D0 properties 25 , we favour the mineralogical interpretation at present, in which all tested ppv mechanisms are in some agreement with our results, and the [100](001) slip system in ppv is most compatible with our observations.
We have made significant progress towards using D0 anisotropy to measure deformation in the lowermost mantle. Assuming that anisotropy in D0 is caused by the alignment of ppv, we may suggest which slip system dominates LPO, though without more detailed models of mantle flow there is still doubt as to the likely orientation of slip planes and directions in the lowermost mantle. As more reliable estimates of 
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the type of deformation we expect in well-studied regions become available, and as numerical and physical experiments further indicate the mechanisms by which the material in D0 deforms, our observations of seismic anisotropy may become very useful in the mapping of dynamic processes at the core-mantle boundary.
METHODS SUMMARY
We measured differential shear wave splitting between S and ScS (reflected from the core-mantle boundary) recorded at about 500 seismic stations in North and Central America, using events of moment magnitude M w $ 5.7 and epicentral distance 55u-82u (Supplementary Table 3 ). Data were bandpass-filtered between 0.001 Hz and 0.3 Hz to remove noise. We analysed splitting in the phases using the minimum eigenvalue technique (Supplementary Fig. 3 ). We correct for upper mantle anisotropy using published 31, 32 SKS (seismic waves travelling as shear waves in the mantle, compression waves in the outer core) splitting measurements at stations showing little variation of parameters with backazimuth-corresponding to simple upper mantle anisotropy-where there are measurements along similar backazimuths to S-ScS used here. Measuring splitting in S with a receiver-side correction gives an estimate of the source-side splitting beneath the earthquake ( Fig. 1b; Supplementary Table 3 ). Both corrections are applied when analysing ScS: the measurement is thus of splitting in D0 alone.
We confirm that the only source of splitting in our measurements is D0 by comparing: (1) splitting in S from a deep event with that in SKS; (2) the source-side anisotropy with SKS measurements at the source; (3) the initial polarization of S after analysis with that predicted by the GlobalCMT moment tensor solution (http://www.globalcmt.org/); (4) the consistency of measurements when correcting with real SKS and randomized receiver corrections; (5) Orientations of shear planes and slip directions in each slip system of ppv are computed by grid search over the elastic constants 16, 20, 25 , which are rotated about the three principal axes. Shear wave splitting is calculated, and orientations which are compatible with the observations are plotted. The constants are scaled linearly away from the isotropic case to fit the observations, and this scaling is shown by colour (Fig. 3b-j) , qualitatively representing strain.
METHODS
S-ScS differential splitting. We measured differential shear wave splitting between S and ScS phases recorded at about 500 seismic stations in North and Central America, according to the method of ref. 10 . Events of M w $ 5.7 in the distance range 55u-82u were used (Supplementary Table 3 ), because the two phases then traverse very similar regions of the upper mantle. All data were bandpass-filtered between 0.001 Hz and 0.3 Hz to remove noise. We analysed splitting in the phases using the minimum eigenvalue technique 33 , with 100 analysis windows in each case to estimate the uncertainties in Q and dt using a statistical F-test 34, 35 . An example is shown in Supplementary Fig. 3 . The l 2 surfaces for measurements along each azimuth are stacked 34 in three regions (Fig. 2) to reduce the errors greatly. Correcting for upper mantle anisotropy. We correct for upper mantle anisotropy using previously published 31, 32 SKS splitting measurements (distance .90u) at stations that show little variation of splitting parameters with backazimuth, corresponding to simple upper mantle anisotropy, and where there are measurements made along similar backazimuths to the phases we measure in this study (S, ScS). These provide an estimate of the receiver-side anisotropy, and should eliminate the chance that lateral heterogeneity or dipping or multiple layers of anisotropy beneath the receiver affect our results. Analysing the splitting in S after applying a receiver-side correction gives an estimate of the source-side splitting beneath the earthquake (Fig. 1b; Supplementary Table 3 ). For nearby stations with no available SKS measurements, measuring splitting in S while correcting for the source anisotropy gives a receiver-side estimate. Both corrections are then applied (for shallow earthquakes; only a receiver-side correction is applied for very deep events .550 km, assuming mantle isotropy below this depth) when analysing ScS, so that the remnant splitting occurs in ScS only, and hence results from anisotropy in D0 alone. An example of a measurement where both source and receiver corrections are applied is shown in Supplementary Fig. 4 . Testing SKS splitting measurements as upper mantle anisotropy corrections. We test the validity of using SKS measurements as a correction for upper mantle anisotropy. Because the tectonic and geological processes which cause upper mantle anisotropy are unlikely to be determined by structure in D0, we can regard the two as independent. Hence over broad, continental scales, SKS measurements will be oriented approximately randomly, and we can check that the consistency observed in our results is not due to a systematic error being introduced by upper mantle anisotropy. For the Mid-Atlantic Ridge event of 2008-144-1935 (23 May), we analyse the S phase at each station for which we selected reliable SKS measurements, and replace those with others taken at random. The false 'corrections' are determined by allowing the correction fast orientation Q corr to vary between 0u and 180u, and the delay time dt corr between the minimum and maximum values for those in SKS measurements used in this study (0-2.5 s). A uniform random distribution is used. Supplementary Fig. 8 shows polar histograms of Q0, the projected fast orientation at the source, for five of the sets of false 'corrections'. Of these, the smallest sample standard deviation s Q'' 5 47u. Also shown is Q0 for the true SKS splitting parameters used (s Q'' 5 33u). Red bars indicate measurements of dt . 3.5 s, which may correspond to two situations. First, they may be null measurements, which frequently display a minimum at the extreme of the permitted dt (here, 4 s). These arise because by chance the 'correction' applied is the same as the total source-side and receiver splitting combined (that is, Q SKS < Q and dt SKS < dt), and by removing the 'correction' there is no remnant splitting. Second, the large results may happen when the 'correction' is large and nearly perpendicular to the source and receiver splitting at the receiver, leading to a very large result that is extremely unlikely to exist in nature.
It appears that the source-side splitting direction (and also delay time; not shown) is most consistent when using SKS measurements to correct for splitting introduced after that beneath the source in S. In addition, Q0 is most similar to the plate spreading direction for the SKS-corrected case.
To confirm that applying an SKS measurement as an upper mantle splitting correction is valid, we check that particle motion is linearized and a null (or very small) measurement results from analysing an S wave from a very deep event. This confirms that the S and SKS waves undergo the same splitting while travelling in the upper mantle beneath the station, and hence that the SKS correction is valid. For the event 2007-202-1327 (21 July), Supplementary Fig. 5 shows the splitting in S at station KAPO (Kapuskasing, Ontario, Canada) with no correction applied and with the SKS measurement of ref. 36 used as a receiver correction (Q SKS 5 69u and dt SKS 5 0.58 s). As is evident, with no correction we measure splitting in S to be the same as that in SKS within error. The removal of the splitting leads to a null result, with the particle motion highly linear (Supplementary Fig. 5d ). Source-side anisotropy estimates. A further test of the efficacy of correcting for upper mantle anisotropy with SKS measurements, after running the analyses, is to compare the source-side upper mantle splitting that remains after analysing S waves from shallow earthquakes to local splitting measurements. If there is no contamination from unexpected or complicated anisotropy beneath the receiver for which we have not accounted, or for which SKS measurements are not an adequate correction, then source splitting parameters and local ones should be the same. For events at the East Pacific Rise, we may directly compare Q0 with measurements of SKS splitting using ocean bottom seismometers 37 . These are shown with Q0 and dt for the event 1994-246-1156 (3 September) ( Supplementary Fig. 6 and Supplementary Table 3) . Local splitting and splitting measured beneath the earthquake are extremely alike. This is also very strong confirmation that the source correction is a true measurement of source-side splitting, and we can thus remove it comprehensively when analysing ScS. Source polarization measurements. Another test of the efficacy of using SKS measurements to correct for receiver-side anisotropy is to compare the predicted source polarizations of the S wave according to the Global CMT (http://www. globalcmt.org/) moment tensor solution for that event with the polarizations of the linearized particle motion after applying a correction for receiver-side upper mantle anisotropy and measuring the source-side splitting in S. For deep earthquakes, we measure the splitting in S and compare the linearized particle motion with the predicted source polarization without applying any upper mantle correction; for shallow events we apply a correction using SKS measurements. We find that in no case do the measured and predicted source polarizations differ by more than 20u, and in most cases they are within 10u. Supplementary Fig. 7 compares the predicted and measured horizontal particle motions for each earthquake used in this study at an example station. S-ScS splitting from deep versus shallow earthquakes. As a final check that we adequately remove source-side anisotropy, we compare the results of differential analysis of S and ScS using the 2007-202-1327 (21 July) event (shown to have no measurable source anisotropy in Supplementary Fig. 5 ) with those from five shallow earthquakes located nearby (Supplementary Table 4 ). Hence, the ray paths are very similar, and the same region of D0 is sampled. If there is any systematic error in our attempt to remove the source-side splitting, the results will be significantly different.
From a larger group of 25 events located near to event 2007-202 above 100 km depth from 1989 onwards, five were selected for good signal-to-noise ratios for both S and ScS. Using Q corr 5 70u and dt corr 5 0.63 s (average of S and SKS splitting parameters; see Supplementary Fig. 5 ), the procedure outlined above was conducted to obtain Q9 and dt. The ray paths for measurements in the S region that traverse the region in D0 most similar to those from the shallow events were selected for comparison ( Supplementary Fig. 9a ). Supplementary Fig. 9c-d shows polar histograms of the fast direction in the ray frame, Q9, for the two sets of results, with the near-null results downweighted in the shallow case, because the number of data points is small. Because there are few measurements, there is some spread and the standard deviation is relatively large (both of which are reduced when using larger samples; see for instance Supplementary Fig. 11, eastmost histogram) . However, for the deep event, Q9 5 81u and AEdtae < 1.3 s; for the shallow events, Q9 5 284u and AEdtae < 1.8 s. Although these are not identical, they are the same within error. The small variation might be due to local variation within D0, given that the ray paths do not overlap completely. Where they do, as shown in Supplementary Fig. 9e-f , the results are the same within the 95% confidence limit, further suggesting that the difference between the two groups is mainly small local variation, not a bias in the shallow or deep source region.
This, and the other tests of the use of source and receiver corrections, compels us to believe that the shear wave splitting we observe in ScS after removing upper mantle anisotropy must be the true signal from a third, intermediate anisotropic region-D0. Mineral slip system fitting. To compare different slip systems in ppv, we calculate the orientations of the shear planes and slip directions that are compatible with our measurements. These orientations are computed by performing a grid search over the elastic constants for the relevant slip systems 16, 20, 25 , which are rotated about the three principal (orthogonal) axes; we scale the elastic constants by linearly mixing the fully anisotropic constants with those of an isotropic average. The amount and orientation of shear wave splitting is computed at each node using the Christoffel equation, and orientations which are compatible with the measured anisotropy (within the errors of the azimuthal stacks; Supplementary Table 4) are plotted. The larger the scaling required to fit the case, the higher degree of 'strain' is represented (indicated by colour; Fig. 3b-i) , and this directly corresponds to the proportion of the material that is a linear mix of the anisotropic and isotropic components (that is, the relative proportions of oriented and random crystals). LETTER RESEARCH
